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Introduction
In the Fall 2011 semester when CPLDs were adopted for our introductory logic circuit course we used an integrated approach, including the use of CAD tools and a hands-on experience with a breadboard. Our students first used discrete logic devices in two laboratory experiments and then Page 26.1252.2 a used CPLD module. Based on our research 4 we found that in using this module, students can easily identify the CPLD and with modest wiring they can construct circuits that they feel are both satisfying and engaging.
This paper documents our efforts during the Fall 2014 semester to further integrate the Complex Programmable Logic Device (CPLD) into our introductory logic circuits course. This paper considers how to better present test benches as well as CMOS device characteristics, both of which are important to students' learning experience about CPLDs. In our prior research we identified test benches as a critical aspect in the use of CAD tools. Also we consider device characteristics, which some other courses no long cover, to be an important part in an introduction to logic circuits. For the Fall 2014 semester we started with several clearly defined, achievable goals in furthering the integration of CPLDs in our introductory logic circuits course.
1. Improve and expand the presentation of test benches in our tutorial, adopting more of a just-in-time type format. Based on prior feedback that some students are having significant difficulty with modifying test benches, we made this improvement a priority.
2. Consider pedagogy topics related to test benches and also consider the effectiveness of the tutorial as a reference.
3. Develop new content to better introduce device characteristics. It has always been our concern that our students be aware that they are dealing with real circuits and that logic signals are represented with physically measurable quantities.
4. Upgrade the ISE tools to the latest version, which is 14.7. In our experience versions 13.2 and 14.7 are very similar so we did not expect any change in our student's experience.
Our University offers Bachelor of Science degrees in both Electrical Engineering (BSEE) and Computer Engineering (BSCmpE). The introductory logic circuits course and lab are required for our BSEE and BSCmpE students but is the first in a sequence of courses taken by BSCmpE students. Although the majority of our students are BSEE and BSCmpE majors, there are some from Computer Science, Math, Mechanical Engineering, and others.
Our BSEE and BSCmpE students take logic circuits during the first semester of their sophomore year, the same semester that they take their first course in circuits theory. Our logic circuits course serves as a gateway to the following courses. Courses that are required by BSCmpE and are electives for BSEE students are marked with *, courses that are electives for BSEE as well as BSCmpE are marked with **.
• ECE234 Digital design using CPLD* The use of test-benches is an important aspect in the use of a logic circuits CAD tool. Without having a graphical tool available for generating a test bench our students modify a skeleton test bench that is generated by the CAD tool. Given that it is not a course goal to teach our students a hardware description language, we took steps to improve our tutorial by adopting more of a justin-time approach that we outline.
Also, we feel that in such an introductory course students must be aware that they are dealing with real circuits and that logic signals are represented with physically measurable quantities. We feel that it is necessary to demonstrate the connection between digital and analog concepts. First, we have our students measure the threshold for a gate. Given that CPLDs may include Schmitt trigger capability, it is necessary to show how that feature reduces sensitivity to noise. Also, it is important to better examine the cause of propagation delay. Our students use an oscilloscope to measure propagation delay and learn how to select a load resistor for a device such as an LED.
To assess our results we used an exit survey questionnaire and also held a focus group meeting. To help to clarify the feedback from 2014 we present in each section the corresponding relevant data in context, including that from 2012 and 2013. We left out the feedback from 2011 as it is somewhat dated. For the purpose of easy reference we summarize in Appendix A the results for the exit survey in 2014. The Likert value +3 indicates strong agreement, +2 moderate agreement, +1 slight agreement, 0 indifference, -1 slight disagreement, -2 moderate disagreement, and -3 indicating strong disagreement. The list of the labs referred to is in Appendix B.
Literature Review
In reviewing the literature, Radu 12 emphasizes the use of development boards and Coowar 2 elaborates on PLDs as well as CAD tools, but their students did not actually construct logic circuits. Nickels 8 provides a choice between two options, either construct logic circuits using discrete logic devices on a breadboard, or use a PLD on a development board. Nickels rightly points out that the use of a development board eases the development of logic circuits, however with such convenience, Nickels also suggested that electrical and computer engineering students may not have a suitable hands-on laboratory experience. As such, our use of a PLD with a classic breadboard is a very different choice.
With regard to CAD tools Radu et.al. 12 emphasized schematics, but also introduced a Hardware Description Language (HDL) in the context of code fragments and test benches. Wang 13 suggested an integrated approach incorporating breadboard debugging techniques, as well as design and simulation with CAD tools, had students use a development board, and reported positive student feedback. Wang outlines the controversy regarding the use of schematics versus an HDL, expressing a concern that emphasis on an HDL may distract students from the fundamentals of digital logic and suggests that an HDL be taught later, at the junior level.
In our initial planning we followed Wang's advice and chose to not introduce HDLs in our course, but we were later forced to introduce test bench files as the 32-bit version of ISE 10.1 was the last to include a graphical test bench generator tool. In the Fall 2013 semester we upgraded to ISE version 13.2 and discuss later how despite the introduction of test benches, our students prefer the improved stability of the software. Page 26.1252.4
In this paper we consider the usefulness of our tutorial as a reference as well as pedagogy topics related to test benches. In reviewing the literature, Colburn 1 , Hawkins 3 , and Kolb 7 each outline phases of the learning cycle model and suggest that experiential learning involves reflection to allow for accommodation of new knowledge. We feel that perhaps the lecture and homework can be used as an opportunity for our students to reflect on their experience with test benches in lab.
CPLD Design Procedure
The following outlines how our students use ISE with a CPLD. Students first produce a description of the desired logic circuit, our emphasis is on using schematics like that in Figure 1 . The inputs A and B are to the left and the output F is to the right. Next, produce a test bench file that describes a sequence of input signals. While a test bench can be made to evaluate the resulting outputs, our emphasis is on visual inspection of the simulation results. In Figure 2 we can see that the circuit behaves like an exclusive-OR gate. To prepare for the implementation, a constraints file like that in Figure 3 is used to assign the input and output signals to actual device pins. The # character indicates the start of a comment. The signal names are to the left and the pin identifiers are to the right, both in double quotes. A constraints file for a CPLD can be made either with the PACE tool or by typing the text by hand. The ISE synthesis and fitter tools produce the image file which represents the configured logic device and also produce a report detailing how the CPLD resources are assigned. For this example only one CPLD macrocell is used. Page 26.1252.5 Our students next wire a CPLD module into a logic trainer as shown in Figure 4 , which provides power (Vcc), ground, as well as inputs (A, B) and the output (F). Once the CPLD is configured using the programming cable, the CPLD will remain configured even after power and the programming cable are removed. Finally, the finished circuit is manually tested. Figure 4 : Example circuit being manually tested
In our research the above procedure is not changed. Rather we are improving how we introduce our students to test benches.
Presenting Test Bench Files and Software Upgrade
The tutorial continues to expand as an important element in our use of CPLDs. For the Fall 2014 semester, we updated the tutorial introduction to test benches. We also further upgraded ISE to version 14.7, but without any fanfare. For our tutorial to have more of a just-in-time approach, we divided the tutorial into sections and inserted new content as necessary.
• Our students' first use of ISE which considers simple combinatorial logic was expanded with more figures and more code snippets which serve as land-marks in the test bench file. The discussion was also made more descriptive. • The section on test benches for sequential logic now considers a single flip-flop rather than a state machine. Given that only clock, reset, and input signals are to be generated, a flip-flop provides a minimal context and should help our students feel less overwhelmed.
• New test bench content was added for circuits that make use of multi-bit input and output signals. This content was added to the tutorial hierarchy section where students use a pair of full-adders to make an adder circuit for two-bit values.
Let's consider the ISE software versions. Prior to the Fall 2013 Semester we realized that our students concerns that the 32-bit version of ISE 10.1 was unstable far outweighed the usefulness of its graphical tool that generates test bench files. Subsequent versions of ISE do not include the GUI tool. To ease the burden of making a test bench, ISE generates a skeleton file that our students hand edit to suit their needs. To be able to edit a test bench file we introduce our students to only a measure of VHDL. In reviewing the exit surveys from the Fall 2012, 2013, and 2014 semesters we considered question 22, which in the 2012 data was Q12a and in the 2013 data was Q10
• From 2012 to 2013 the average Likert score improved significantly from 1.28 to 2.29, despite that in 2013 students were hand editing test bench files.
• In the Fall 2012 semester it was the large standard deviation that motivated us to update the ISE software. In the Fall 2013 data the increased average and reduced standard deviation convinced us that upgrading to 13.2 was the correct decision.
• For the 2014 data we consider that fewer responded so that we do not see a significant difference in the average value or standard deviation from the Fall 2013 data.
Question 22 2012(Q12a) 2013(Q10) 2014(Q22)
The CAD software used to draw schematics and configure the CPLD was useful and effective. In 2013 we collected our first data on student use of test benches and consider Q20 which was previously numbered as Q9c. Back in 2013, according to the focus group and the lab instructors, most students found it challenging to modify a skeleton test bench file but a small number of students had particularly significant difficulties. While the average value for Q20 indicated slight to moderate agreement, we were concerned with the standard deviation. After probing the focus group and reviewing the collected feedback we decided that for the Fall 2014 semester it would be a priority to improve the tutorial. With the improved tutorial, in the first use of ISE we immediately received compliments from Page 26.1252.7
the lab teaching staff regarding the improved experiences of our students. In reviewing the feedback we can see that the average score for Q20 improved significantly and the standard deviation reduced, suggesting that improving the tutorial was a good choice.
Presenting Test Benches
In this section we consider how having skeleton test bench files and the tutorial impact the student experience. The data from Q24 was unexpected as the student's opinion of skeleton test bench files generated by ISE dropped significantly in 2014, from modest-agreement to slightagreement, with a slight increase in standard-deviation. We hypothesize that the improved tutorial helps our students to feel more confident in modifying test benches and thus appreciate skeleton test bench files less. In reviewing the data we propose that for the next offering that a small amount of lecture content be prepared for the purposes of providing a somewhat global view of the value that HDLs have in industry, and also for reflecting on our student's laboratory experience. Colburn warn that without reflection, students only parrot content given to them. For VHDL our CPLD course (ECE234) provides our BSCmpE majors with more detail and for a comprehensive treatment our students can take our VHDL course (ECE534) as an elective.
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The Tutorial as a Reference
In writing the tutorial our first motivation was for students to quickly start using the CAD tools. The feedback from Q18 suggests that we are successful in that regard. However, given the new just-in-time format, we are curious about our student's experience with the tutorial later in the semester and considered Q21 as well as Q19 which is another reference area.
We are not sure why the Q18 data from 2012 and 2013 is similar or why in 2014 there was a drop in the average from moderate-agreement to between slight and moderate agreement, and a significant increase in the standard deviation. The data for Q21 initially showed an increase but otherwise shows moderate-agreement with some disagreement between students.
Question 18 2012(Q11a) 2013(Q9a) 2014(Q18)
The online tutorial was helpful in getting me started using CPLDs. While the Q21 data is good, in 2014 the scores did not improve. Likewise despite improvements to the tutorial hierarchy section there is a slight decline in Q19 data. In consideration, we have noticed that our students are now asking fewer questions about hierarchy. We hypothesize that with the additional related lab and lecture content, our students now make less use of the tutorial in this regard. We also note that some students were not aware of the sections in the tutorial. 
Examining Device Characteristics and Considering Start-Up Sessions
Our BSEE and BSCmpE students take their logic circuits course in the same semester as their first course in circuits theory. To allow our students to first become familiar with circuits theory, in 2014 we presented logic device characteristics in lab 9, later in the semester. Unfortunately we learned later from the questionnaire that 55% of our students indicated that lab 9 was their least favorite. Our student's dissatisfaction is also evident in Q11, Q12, and Q13. Despite the slight agreement with the questions, the standard deviation is large indicating disagreement among students.
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Question Avg. Std. Q11 Measuring the threshold voltage of the 74HC04 inverter in Lab 9 is educationally relevant and is a good use of my time.
0.9 1.5 Q12 Observing the "noise immunity" behavior of Schmitt trigger using the 74HC14 inverter in Lab 9 is educationally relevant and is a good use of my time. The above questions stand in contrast with our students experience with discrete logic, for which we consider Q10. Despite the additional content on devices characteristics in 2014, our student's interest in having an early experience with discrete logic improved from 2013 to 2014, which would seem contrary. For the standard deviation in Q10 consider Q2 which tells us that 27% of our students in 2014 had prior experience with discrete logic circuits in high school. In probing our students, we found that our approach to device characteristics had issues. First, our BSEE and BSCmpE students felt that lab 9 was out of place and should be presented earlier along with discrete logic devices. Second, other students including those from Computer Science without a background in circuits theory have always felt unprepared in this regard, to some extent.
To level the playing field with respect to basic circuits theory and basic gates (AND, OR, NOT), in our next offering we will make use of a start-up lab session, scheduled before the first official lab is performed. We will provide our students an experiential learning session like that described by Kolb 7 involving cooperative learning and hands-on activities. In being a start-up session our students will produce only a brief writeup.
It is also important to tell our students that CMOS devices are susceptible to static discharge so that in using such devices they should work in an environment that reduces the chance of static discharge. Having lab benches grounded along with conductive mats and wrist straps helps to reduce the risk in handling such devices. In particularly dry areas a humidifier helps as well.
Examining the Transition Region
Let's we look closer at what we mean by logic-low and logic-high. Useful references include Kang and Leblebici 6 as well as Hodges, Jackson, and Saleh 5 . Figure 5 outlines the NOT gate model that we use. With respect input Vi, the output Vo is low, high, or in the transition region. The power supply is Vcc and the threshold Vth, where Vi and Vo are the same.
In the transition region, with respect to Vi the circuit acts like an amplifier. Unfortunately, to investigate the transition region, a divider circuit formed with a potentiometer has little practical Page 26.1252.10 value. It is well known 11 that in the transition region the gate is sensitive to probe noise as well as power supply perturbations. In approaching the transition region only a slight change to the potentiometer causes the output to switch suddenly between logic values. Rather, to measure the threshold Voltage Vth our students used the circuit in Figure 6 to force the gate into the transition region. In using this circuit capacitor C1 prevents oscillation which would otherwise likely happen. To measure Vth, leave the input Vs disconnected and measure the output Voltage Vo. Resistor R2 allows the circuit to be perturbed, to investigate the device behavior. The changes in Vi will only be a few milliVolts so it is important to have the improved precision provided by a lower Voltage scale. With most multimeters the 2Volt scale is adequate.
Figure 6: Test circuit for transition region
We have since refined the transition region test circuit to that that shown in Figure 7 . The new circuit has the same general simplicity and also allows for direct measurements of Vi and Vo. The circuit uses only the given power supply Vcc and is easier to adjust than the prior circuit. To measure Vth, as before have no connection to Vs. To examine the more positive side of the output transition region connect Vs to ground and adjust the potentiometer. Likewise to examine the more negative side, connect Vs to Vcc and adjust the potentiometer. Unfortunately, given that in the transition region the overall gain is large and highly non-linear, it is difficult to characterize such a gate as an amplifier.
Slow Inputs with Noise
With an ordinary CMOS gate erratic behavior is seen when a slowly varying input Voltage containing noise is close to the transition region. To understand such behavior consider that the input transition region for a CMOS gate is very narrow. Figure 8 illustrates the behavior of a NOT gate with such a signal. Figure 9 and suppose the output is VoH. Once the input increases to ViH, the output drops to VoL and will remain there until the input is reduced significantly to ViL. When the input is actually reduced to ViL, the output jumps to VoH and will remain there until the input increases significantly back to ViH. The point is that for the gate to change value, the input must change a significant amount. The difference between the thresholds is called the hysteresis Vhys. In Figure 10 the input has the same waveform as that in Figure 9 , but the output is entirely different. This test is performed first with a 74HC04 NOT gate and then with a 74HC14 Schmitt Page 26.1252.12 trigger gate. The 74HC04 gate allows us to examine such a gate without hysteresis. The XC9536XL CPLDs provide a small amount of hysteresis and Coolrunner-II CPLDs provide the option of having hysteresis on a pin by pin basis. In using such gates the benefit of using Schmitt trigger capability should made clear to our students.
Device Loading and Propagation Delay
With CMOS logic the loading and propagation delay behavior is characterized differently than with 74LS logic. We use the term gate loading to refer to what happens to an output when current is drawn by a load and the term drive to describe the requirements of a given load, and we consider the static and transient cases separately.
Given that our students take circuit theory in the same semester, they are not prepared to discuss electronics. The technology used to make CMOS logic gates is shown below in Figure 11 in a simplified format that emphasizes what the circuit does. In part (a), current into the N-type box causes Vo to be low. In part (b) current from the P-type box causes Vo to be high. A single 74HC04 gate uses several inverter stages in cascade, so that the output of one stage connects to the input of the next. The preceding stages are shown to the left in the vertical box.
(a) Output low (b) Output high Figure 11 : Inverter stage Figure 12 shows the output current-Voltage characteristic. First, when Vo is small the output acts more like a resistor as indicated by the line Gs which intersects with the graph origin. When Vo is larger the output acts more like a current source as indicated by the line Is, which has no slope.
Figure 12: Current-Voltage characteristic
In driving a static load like the LED shown in Figure 13 , to reduce the power dissipated in the gate it makes sense to have the gate output more in the Ohmic region. In this case the gate output appears as a resistor Rs in series with RY. In the transient case, the input to a CMOS logic acts like a small capacitor. For a gate to transition between states, the output is initially in the source region and in time changes to the ohmic region. In modeling propagation delay there is an internal delay followed by the time to charge or discharge the attached capacitive load, respectively to Vm, as shown in Figure 14 . The manufacturer defines Vm to be one half of the power supply Voltage. In considering propagation delay, having the gate output primarily in the source region makes the math simple. The Voltage across a capacitor is proportional to charge and given a constant current the charge is proportional to time. Measuring propagation delay is complicated by the Page 26.1252.14 probe itself which acts like a capacitor. Be sure to use a X10 probe which has less capacitance than a X1 probe. As shown in Figure 15 , our students use an oscilloscope to measure delay with several load capacitor values roughly the same order as 50pF, which is the manufacturer specified value.
Figure 15: Propagation delay test circuit
In graphing the low to high and high to low propagation delay versus capacitance we expect straight lines. If the oscilloscope and probes are limiting in bandwidth then some measurements will not appear on the lines.
Conclusions and Future Work
The improved tutorial content regarding test benches was well received, though not all of our students were aware of all the new content. For our next offering we will have a small amount of lecture content to provide a more global view of the value that HDLs have in industry, and also to have our students reflect on our their laboratory experience. Colburn 1 , Hawkins 3 , and Kolb 7 warn that without reflection, students only parrot content given to them. Our CPLD course (ECE234) provides our BSCmpE majors with more detail and for a comprehensive treatment our students can take our VHDL (ECE534) course as an elective.
With regard to presenting content related to device characteristics, our students overwhelming feel that the content should be should presented much earlier in the semester, when they use discrete logic devices to build their first logic circuits. With regards to circuit theory and basic gates (AND, OR, NOT), to level the playing field, before the first lab we will provide our students with a brief summary list of necessary topics and in a manner similar to Kolb 7 we will give our students an experiential learning exercise involving cooperative learning.
Questions 1 through 4 were intended to be used to form categories of students. We wanted to know (1) which of two lab instructor each student had, (2) whether each student had prior experience with logic circuits in high school, (3) Regarding installing Xilinx ISE Webpack 14.7 on your own computer?
• 1: I successfully installed it on my own computer.
• 1: I tried but did not succeed.
• 6: I thought about installing it but never actually tried to.
• 1: I would have tried if my computer is compatible.
• 2: I do not want to install it on my own computer. My experience with CPLDs makes me more confident and I foresee that in the future I will be more competent as an engineer.
1.7 1.7
Q8
My experience with the CAD tools in logic circuits lab makes me more confident so that in the future I will be more competent as an engineer.
1.7 1.2
Q9
There should be more topics related to CAD software tools presented in lecture.
2.1 1.3
Q10
Having some experience with 74HC discrete devices, in the first two labs, is educationally relevant and is a good use of my time.
Q11
Measuring the threshold voltage of the 74HC04 inverter in Lab 9 is educationally relevant and is a good use of my time.
0.9 1.5
Q12
Observing the "noise immunity" behavior of Schmitt trigger using the 74HC14 inverter in Lab 9 is educationally relevant and is a good use of my time. 
Q15
I found that in our use of CPLD in the laboratory, the hands-on experience was retained, and helped me to better learn the material.
1.5 1.4
Q16
There should be more use of CPLD hardware topics in the lecture portion of the course.
1.0 1.7
Q17
It would be a benefit to incorporate exercises involving CAD tools and CPLD topics into the homework.
1.1 1.1
Q18
The online tutorial was helpful in getting me started using CPLDs. 1.5 2.1
Q19
The online tutorial helped me learn the principle and application of hierarchy.
1.6 1.2
Q20
The online tutorial helped me learn to write the simulation test bench. 1.9 1.6
Q21
The online tutorial served as a useful reference to me, later in the course.
2.0 1.8
Q22
The CAD software used to draw schematics and configure the CPLD was useful and effective.
2.0 1.0
Q23
The CAD software helped me make use of and understand hierarchy principles.
1.8 0.9
Q24
The skeleton test bench generated by the Xilinx test bench generator provides a convenient means for me to produce a test bench, without having learned VHDL language.
1.1 1.6
Questions 25 and 26 asked our students for estimates of the longest and average times to generate a test bench. Question 25 asked students to estimate the longest time that it took them to generate the test bench codes for any lab. Among the 11 students who responded: three students chose "more than 40 minutes"; three students chose "20-30 minutes"; four students chose "20-30 minutes"; one student chose "less than 20 minutes". Q28 Suggest a laboratory activity involving CPLDs that helps retain the hands-on experience.
Q29 What was your favorite laboratory? Please explain why?
Q30 Which lab(s) were you not able to complete successfully? Please explain why.
Q31 What was your least favorite laboratory? Please explain why.
Q32 Do you have any other comments?
Question 27 asked students what were their largest concern in improving the course. one student expressed frustration with the Xilinx ISE software. One student expressed concern that the lab instructor assumed that all students were in circuits lab and didn't explain some material. Two students expressed concern in learning to use Xilinx ISE software from scratch following the tutorial in lab with no lecture instruction, one of which also expressed concern that the tutorial was not helpful for programming the test bench in terms of sequential logic and the CPLD sometimes didn't work properly. Three students had no concern or expressed positive feedback.
Question 28 asked students to suggest a lab activity involving CPLDs that helps retain the handson experience. Two student suggested more labs like lab 8 or lab 10.
Question 29 asked students what was their favorite lab. Six students listed either lab 8 elevator controller, or lab 10 digital dice, or both. The reasons that the students listed were mainly because these labs related to real life applications and were demonstrative after completion. One wrote: "When doing these lab (sic), I can see how the things I learned can be applied to real life and it's cool to see the circuit working". One wrote: "Lab 10 was my favorite because it helped me understand hierarchical design a bit better, and it was interesting to see it working." One Page 26.1252.18
wrote: "Lab 8 because I literally got to see exactly what the whole next state meant as regards (sic) flip-flops and what not and it also felt like I could see a practical example of exactly how elevators work on a small scale." Another wrote: "I liked the dice lab, because it was fun to make an electronic die!" One student listed lab 6. One student listed lab 5 and wrote: "it was well explained in class and was finished with ease". One student listed lab 3. One student listed lab 2 and wrote: "because it was fun to see how different combinations affect the outputs, and because the lab was new and easy to understand at that time".
Question 30 asked students which lab(s) they were not able to complete successfully. Among the nine students who provided answers, three students stated that they were able to complete all the labs. Two students didn't complete lab 10 due to an absence of the lab instructor. Two students didn't complete lab 8 and 10 due to issues encountered during simulation or pin assignment stage. Three students stated they didn't successfully complete lab 9. One cited time as the issue, and another cited lack of circuit knowledge as the reason.
Question 31 asked students which lab(s) were their least favorite. Six students cited lab 9 "device characteristics" due to either lack of circuit knowledge or interest. One student stated: "it felt as if it was a more circuits based lab since the logic used within the circuit was limited. This lab was the least interesting due to the lack of logic used in the circuit." Two students cited lab 8 or lab 10. One student cited lab 1 or lab 2. One student stated: "The next lab usually have something to do with the previous ones, I feel that all the labs are necessary."
Question 32 asked students to provide any additional comments. Of the four students who provided answers, two students expressed appreciation and general positive feedback toward using CPLD or the course. One student expressed desire for more instruction on how to modify a test bench before each lab. One student expressed desire for more hands-on instruction with Xilinx software.
